Background: Routine heart failure (HF) monitoring and management is in the community but the natural course of worsening renal function (WRF) and its influence on HF prognosis is unknown. We investigated the influence of routinely monitored renal decline and related comorbidities on imminent hospitalisation and death in the HF community population. Methods: A nested case-control study within an incident HF cohort (N = 50,114) with 12-years follow-up. WRF over 6-months before first hospitalisation and 12-months before death was defined by N20% reduction in estimated glomerular filtration rate (eGFR). Additive interactions between chronic kidney disease (CKD) and comorbidities were investigated. Results: Prevalence of CKD (eGFRb60 ml/min/1.73m 2 ) in the HF community was 63%, which was associated with an 11% increase in hospitalisation and 17% in mortality. Both risk associations were significantly worse in the presence of diabetes. Compared to HF patients with eGFR,60-89, there was no or minimal increase in risk for mild to moderate CKD (eGFR,30-59) for both outcomes. Adjusted risk estimates for hospitalisation were increased only for severe CKD(eGFR,15-29); Odds Ratio 1.49 (95%CI;1.36,1.62) and renal failure(eGFR,b15); 3.38 (2.67,4.29). The relationship between eGFR and mortality was U-shaped; eGFR, ≥90; 1.32(1.17,1.48), eGFR, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] 1.68(1.58,1.79) and eGFR,b15; 3.04(2.71,3.41). WRF is common and associated with imminent hospitalisation (1.50;1.37,1.64) and mortality (1.92;1.79,2.06). Conclusions: In HF, the risk associated with CKD differs between the community and the acute HF setting. In the community setting, moderate CKD confers no risk but severe CKD, WRF or CKD with other comorbidities identifies patients at high risk of imminent hospitalisation and death.
Introduction
Chronic kidney disease (CKD) is a prevalent comorbidity in heart failure (HF) affecting approximately half of patients in the general population [1] . In acute HF, reduced renal function consistently doubles the risk of mortality or more depending on the severity of impairment [2] . Worsening renal function (WRF) is a common feature in the varying HF course and treatment, which further increases mortality risk [3] . Much of the current WRF evidence relates to short term change during acute HF decompensation in selected samples [3] . However, the pathophysiology, presentation and treatment of WRF differs substantially for acute and chronic HF [4] . In acute HF, WRF usually occurs as a consequence of intensive, sudden or rapid changes in fluid balance. In contrast, WRF in chronic HF is more likely to be over weeks or months [5] which may have considerably different prognostic implications, but here the evidence is limited.
In the community setting, HF studies have focused mainly on WRF during optimisation of HF modifying drugs [6] [7] [8] . Short term changes during HF drug intensification however is an unreliable indicator of WRF, instead reflecting an appropriate response to treatment [6, 9] . Treatment-related WRF can be temporary and clinically patients may improve in the longer term [10] . Current HF population studies investigating chronic WRF are limited to reduced ejection fraction in small [11] or trial samples [12, 13] . The community setting in contrast represents the range of patients with reduced and preserved ejection fraction or with the comorbidities commonly encountered in the HF general population. Notably CKD is associated with hypertension, ischemic heart disease and diabetes, through both patho-physiology and drug treatment, and these combined together might increase the prognostic risk even more in this population.
In UK primary care, renal function is routinely monitored in HF patients. Through linkage to hospitalisations and mortality data, our objectives were (i) to investigate the association between renal dysfunction, its longer term change and imminent hospital admission and death in the heart failure community setting and (ii) the influence of other comorbidities on these relationships.
Methods
The Clinical Practice Research Datalink (CPRD) is a large validated database of anonymised primary care medical records covering approximately 11% of the UK population [14] . Data includes patient demographic information, clinical diagnoses, prescriptions, laboratory tests and lifestyle information. Linkage to admissions data based on all Hospital Episode Statistics (HES) and mortality data is available for consenting practices (~60%). Use of the CPRD database was under licence (protocol 12_162) with approval granted from the Independent Scientific Advisory Committee.
Study population
Incident HF patients aged over 40 years who had minimum 3-years of quality clinical data recording prior to study entry, were selected by a first HF diagnostic code applied in their CPRD clinical record between January 1st 2002 and March 1st 2012 (Supplementary  Table 1 for code set). The HF code set was validated by clinicians and shown to have high validity in CPRD [15] . Time in follow-up was from the first HF code to either the date of the patient transferring out of practice, the index event, death or the study end (1st January 2014).
Selection of cases and controls
We conducted two separate nested case-control studies within the incident HF cohort for the outcomes of: (i) all-cause mortality and (ii) all-cause first hospitalisation after HF diagnosis. A nested case-control design with density sampling of controls was applied to account for the varying nature of renal function, pharmacology (e.g. neurohormonal antagonists) and other clinical factors that vary over time. Using this approach, renal function and all covariates are measured for each case and matched controls, at the same time during follow-up and prior to every event. Controls are eligible to be selected multiple times and later as a case, meaning that changes to exposure status are captured along the entire follow-up period. This closely resembles the programming statements approach to Cox-regression with time varying covariates and produces unbiased estimates of hazard ratios [16, 17] .
For each case, up to four controls were randomly sampled from the HF cohort who were still at risk of the event. Matching was by HF index date (±1 month) and duration of follow-up and the controls were assigned the index date of the case.
Measurement of renal function
Estimated glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula [18] . Renal function was based on the most recent eGFR measure before the outcome dates excluding values recorded N6-months before hospitalisation (median interval 51 [20 to 100] days) and 12-months before mortality (median interval 84 [32 to 171] days), as the study focus was on shortterm outcomes. CKD was defined as eGFR b60 ml/min per 1.73 m2. Patients were categorised into six groups recommended by Kidney Disease: Improving Global Outcomes (KDIGO) [19] . The categories of renal function were: ≥90 ("high", stage 1), 60-89 ("mild", stage 2), 45-59 ('mild to moderate', stage 3a), 30-44 ('moderate to severe', stage 3b), 15-29 ("severe", stage 4) and b 15 ("kidney failure" or dialysis, stage 5).
Worsening Renal Function (WRF)
WRF was calculated as the difference between two eGFR values separated by at least 3-months as a proportion of the baseline value. Previous values exceeding 12-months before the most recent value for hospitalisation (median interval 118 [62 to 208] days) and 2-years for mortality were excluded (median interval 301 [227 to 393] days). WRF was then adjusted for the interval time to calculate change in eGFR over 6-months for hospitalisation and 12-months for mortality. The time-window for mortality was chosen to investigate longer term eGFR change and to maximise the potential of available data, however change over a shorter time was likely to be more clinically relevant as a potential prognostic indicator for hospitalisation. WRF was defined as a N 20% reduction in eGFR [20] and moderate reduction as 6-20% decrease. We also included a category of any increase in eGFR. All categories were compared to a reduction of 5% or less as the reference group.
Measurement of confounding
Confounders measured most recent to outcome dates were age, sex, Index Multiple Deprivation (IMD) [21] , body mass index (BMI), smoking, alcohol, cholesterol, haemoglobin, blood pressure (BP), hypertension, ischemic heart disease (IHD), previous myocardial infarction, atrial fibrillation, diabetes and chronic obstructive pulmonary disease [1] . The IMD score was ranked into quintiles from lowest to highest deprivation; smoking and alcohol were categorised into 'current, previous or never' and all other measures retained as continuous variables. Drug measures for aspirin, renin angiotensin aldosterone system (RAAS) drugs (angiotensin converting enzyme inhibitors, angiotensin II receptor blockers), beta-blockers and diuretics were also extracted in the 4-month timewindow before the matched dates. For the hospital linked cohort, models were also adjusted for a prior hospital admission in the 0-3 months, 3 to 6 months or 6 to 12-months before the HF index date.
Statistical analysis
Tables on case or control status for both outcomes and presence of WRF are presented to compare study measures. To build the multivariable models, linearity was investigated using likelihood ratio tests and quadratic extensions were added for any non-linear continuous variables. For correlated variables with coefficient N 0.5, the most clinically relevant one was selected. Multiple imputations using matching variables and fullconditional specification were performed for the missing data using MI Impute procedure in Stata version 13, and analyses were combined using Rubin's rules [22] .
Conditional logistic regression was used to estimate odds ratios (OR) for the two outcomes comparing HF patients with CKD compared to those without, adjusting for all confounders. To examine the interaction between CKD and hypertension, diabetes or ischemic heart disease in HF, we tested whether their observed combined effect (CKD + comorbidity) on an outcome was more or less than the sum of their separate effects. Using the Rothman approach [23] , for each CKD and comorbidity pair, we created dummy variables for the four possible joint exposure combinations (absence/absence [reference] , presence/absence, absence/presence and presence/presence) (Supplementary Table 2 ). We then performed conditional logistic regression for the dummy variables for each exposure pair in turns. We calculated two measures of additive interaction with 95% confidence intervals; the relative excess risk due to the interaction (RERI) and the Synergy index (S). The RERI is the difference between the expected risk associated with joint exposure (calculated by adding the individual observed risks) and the observed risk of joint exposure. The Synergy index (S) is the proportion of excess risk from joint exposure in the presence of interaction relative to if there was no interaction. Interaction is indicated where RERI ≠ 0 and/or synergy index ≠ 1 [24] .
Next, we compared different CKD stages to reference stage 2 (60-89 ml/min/ 1.73 m2). We chose this reference group as opposed to eGFR ≥90 due to the normal renal decline in older age. WRF and other categories of renal function change were then compared to the eGFR reference group with b5% decrease. In sensitivity analyses, the models investigating renal change were further adjusted for the first and second eGFR measure used in the change calculation and the mortality models were further adjusted for deprivation.
Results

HF population characteristics
There were 50,114 incident HF patients, of whom 26,729(53%) died during a median follow-up of 2.6[IQR 0.8-5.0] years. Of the sample with linked hospital data (n = 30,061), 24,339(81%) experienced a first hospitalisation after their HF index date during a median follow-up of 82[IQR 12-435] days. Cases for both outcomes were older, with more comorbidities and less HF modifying drugs during follow-up, with a lower BMI, cholesterol, haemoglobin and blood pressure (Table 1) . Among the hospitalisation cases, 66% had CKD compared to 59% of controls and 20% had a prior hospital admission in the 3 months before their heart failure index date, compared to 4% of controls. In the mortality cohort, CKD was present in 75% of cases and 62% of controls.
Chronic kidney disease and outcomes
The relative risk of hospitalisation was 11% higher and mortality 17% higher for HF patients with CKD compared to those without ( Table 2 ). The combined effect of CKD and DM was significantly higher than would be expected by their simple co-occurrence (Supplementary  Table 3 ). Compared to HF patients without CKD or diabetes, the increase in hospitalisation risk associated with CKD without diabetes was 12% and with diabetes without CKD was 20%. The expected increase in risk in the presence of both comorbidities was therefore (12 + 20 = 32%).
The actual observed increase in risk for HF patients with both CKD and diabetes compared to the reference group was 49%. This gave a significant relative excess risk due to interaction (RERI) between CKD and diabetes of 17% (RERI 0.17; 95%CI 0.04,0.29) (see Fig. 1 ). The synergy index (S) determines the relative proportion of risk due to interaction relative to if there was no interaction present. The S of 1.52 (95% CI 1.05,2.2) can be interpreted as 52% excess risk from CKD and diabetes interaction relative to if there was no interaction present. The higher risk associated with CKD and diabetes than would be expected was consistent for mortality and further compounded by the presence of ischemic heart disease. The observed risk of hospitalisation and mortality associated with all three comorbidities was 20% and 13% higher than would be expected by their co-occurrence, respectively.
CKD stages and outcomes
Compared to the eGFR reference group, there was a graded increase in risk for both outcomes with increasing CKD stage, starting at stage 3b and steeply increasing for CKD stage 4 and 5 ( 
WRF and outcomes
WRF occurred in 26% of HF patients over 6-months before hospitalisation compared to 19% of controls and the respective figures were 31% and 18% in the year before death. Patients with WRF were more likely to be female, have hypertension or diabetes, and prescribed more diuretics than those without WRF (Supplementary Table 7 ). In adjusted stepwise analyses, high starting and low ending eGFR and younger age were associated with WRF before both outcomes. In addition, there were independent associations between WRF and male status, prescribed ACEi or ARB or diuretic, ischemic heart disease, and lower BP values for admission and lower cholesterol and diabetes for mortality (p b 0.01) (not shown).
Compared to those with stable renal function, HF patients with WRF over 6-months had a 50% relative increase in risk of imminent hospitalisation (Table 2 ). This was higher for mortality with WRF over a year associated with a 92% higher relative risk of death compared to those with stable renal function. More moderate decrease in renal function (6-20%) was only associated with a small increase in risk of either outcome. Theses associations were independent of the starting or subsequent eGFR values (Supplementary Table 8 ). Increase in renal function was also associated with a 13-22% increase in relative risk of hospitalisation and death respectively. This group were prescribed less RAAS inhibitors (74% v. 78%) and had more hypertension (62% v. 60%), AF (39% v. 37%) and diabetes (29% v. 27%) and less IHD (45% v. 56%) than the stable renal function group (supplementary table 7).
Discussion
In a national HF population-based cohort of over 50,000 community patients, CKD was common, but did not increase the risk of hospitalisation or mortality unless it was severe, or kidney failure was present. However, the risk associated with CKD increased significantly in the presence of diabetes and ischemic heart disease. Worsening renal function was also common, occurring in a quarter of all HF patients and significantly increased the risk of imminent hospitalisation within 6-months or death within 12 months. These findings provide the key prognostic evidence for identifying high risk HF comorbid groups in the community where most patients are routinely managed and receive ongoing care.
There are four key clinical implications of our findings. First, whilst the high prevalence of CKD in the community HF population was comparable to hospital [25] and other specialist care settings [26] , it did not convey the same risk of poor outcomes found in more acute settings where HF decompensation is common [1, 27] . In the community setting, mild to moderate renal dysfunction (CKD stage 3a) did not confer risk of hospitalisation or death and risks only began to rise steeply at eGFR levels below 30 ml/min/1.73 m2. Of note, over 75% of HF patients with stage 3a and 3b CKD were prescribed ACEi or an ARB, similar to those without CKD and similar to specialist HF clinics [28] . These drugs are recommended in heart failure with reduced ejection fraction (HFrEF) even in the presence of moderate renal dysfunction [20] . Whilst we did not have ejection fraction data available, the high proportion of prescribing indicates good adherence to HF guidelines and that patients with mild to moderate renal deterioration are well managed in the community.
Second, the associations between CKD stages and mortality had a more complex U-shape relationship, with an increased risk in CKD Table 2 Associations between CKD severity, worsening renal function and outcomes in community HF patients.
First hospitalisation
All-cause mortality
Odds ratio (95% CI) Odds ratio (95% CI)
No CKD (eGFR ≥60)(ref) , alcohol use and smoking. Hospitalisation further adjusted for prior hospitalisation over 3,6 or 12-months and deprivation. a National Kidney Foundation Kidney Disease Outcomes Quality Initiative(KDOQI) guidelines. b For hospitalisation, renal change was calculated over 6-months before the match date using the most recent value (up to a maximum of 6-months) and a second value between 3-months and 1 year earlier. For mortality, renal change was calculated over a year before the match date using the most recent value (up to a maximum of 1 year) and a second value between 3 months and 2 years earlier. Fig. 1 . Additive interaction between CKD and comorbidity combinations -The blue block (bars 1 to 4) represents the risk in the HF reference group without any of the specified comorbidities present. -The green and the red blocks (bars 2 to 4) show the risk associated with the specified comorbidities in addition to the reference group. -Bar 4 displays the risk when all of the specified comorbidities are present. The stacked red and green blocks represent the risk that is expected when the specified comorbidities are present (or added) together. The purple block shows the actual or observed risk when the specified comorbidities are present together and represents the risk due to interaction of the comorbidities. This means that the observed combined effect of the comorbidities on the outcome was more than the sum of their separate effects.
stage 1 compared to CKD stage 2. Whilst other community samples have found similar increases in mortality risk at eGFR ≥90 [29, 30] , other low ejection fraction studies focusing on cardiovascular specific outcomes have reported a linear relationship between decreasing renal function and mortality risk [13, 31] . This high eGFR and mortality risk paradox reported in general populations is thought to represent a false estimation of kidney function due to loss of muscle mass linked to frailty and predominating more in comorbid groups [32, 33] . In our study the high eGFR mortality case group, compared to the HF group with normal renal function, were predominantly younger male smokers with a lower BMI and much more likely to have COPD or diabetes, with lower prescribing of RAAS drugs. This profile points to the possibility of hyperfiltration in early diabetic nephropathy [34] , or frailty in end stage respiratory or cardiac disease. Our community findings show that very low and high eGFR levels might be prognostic indicators of a more severe HF group, but that high eGFR levels need to be interpreted cautiously in the context of comorbidity and associated frailty.
Third, our study provides new evidence on the interaction between CKD and other cardio-renal comorbidities. The risk of both outcomes associated with CKD and diabetes was significantly greater than would be expected and this was further compounded by ischemic heart disease (IHD). CKD is a well-known risk factor for IHD which can lead to further renal deterioration [35] and diabetic nephropathy is one of the most frequent causes of end-stage renal disease [36] . These findings are important because not only do these comorbidities commonly co-occur but they exacerbate each other, providing the potential for intensified progression. CKD and diabetes was present in 18% of patients and over half of these also had concomitant IHD which indicates important and high risk groups in HF. Our findings indicate an important need for shared management and optimisation of therapies for the most common comorbid disease combinations.
Fourth, WRF occurred in 21% of the community HF patients and was significantly associated with increased risk of imminent 6-month hospitalisation or 12-month mortality. Part explanation of these associations might relate to the underlying hemodynamic status of the HF with worsening renal function acting as a pseudo marker of worsening cardiac function. However, the dose-response relationship between increasing severity of WRF and higher risk and the adjustment for key factors including relevant drugs and baseline renal function, suggests independent associations between WRF and outcomes. Improving renal function in 40% of the HF sample was also associated with poorer outcomes, which is consistent with comparable evidence in acute decompensated HF [37] . Improved function might reflect treatment with diuretics following right sided cardiac dysfunction and venous congestion but this finding requires further investigation in the community setting.
Strengths and limitations
Our study is one of the largest to date to investigate longitudinal renal function and change in a population-based community cohort of newly diagnosed HF patients. The easily accessible routine monitoring measures of CKD and change offers an important tool for risk stratification in the community and potential trigger of earlier interventions. Key strengths include the large national HF sample, linkage to hospital data and the use of density sampling that provided the method to measure WRF in specific time-windows before hospitalisation and death.
Routinely collected data can be subject to measurement bias [38] , but the CPRD is used as a clinically validated population-based epidemiological database globally [14] . The study focus was on HF prognosis in the non-specialist community setting, so the definition of HF was based on clinical coding, the quality for which is high [15] . However, lack of ejection fraction or brain natriuretic peptide data in the CPRD means that further validation of the study findings in different HF phenotype groups would be required. Lack of HF severity indicators in the CPRD such as ejection fraction and NYHA class means that it was not possible to disentangle the effects of renal from cardiac dysfunction. In considering confounders, comorbidities were based on clinical recording which can be subject to misclassification leading to under-ascertainment. That said, any such misclassification is likely to bias the associations towards the null value. There was also some missing data for measures such as BMI and smoking. We used multiple imputations for some of these missing data, but we did not impute eGFR values as this was our exposure of interest. Whilst 80% of patients had at least one eGFR measure prior to the case-control match dates, only approximately half of the patients had two measures available and this means that some exposure information was excluded from our analyses. HF management will have also changed in the 12-year time window of the database, and to minimise the potential effect of such changes, in our study design case and controls were matched on calendar time and eGFR and confounders were measured before the matched dates.
Conclusions
Our large scale study has shown that in the general HF population, mild to moderately severe CKD does not confer the same increased risks of hospitalisation or mortality found in selected or hospitalised HF patients. The risk associated with CKD significantly increases at more severe renal dysfunction or in the presence of other comorbidities. However, worsening renal function during the course of HF is common and identifies HF patients at high risk of imminent hospitalisation and death. Renal dysfunction is an easily accessible, routinely collected and important prognostic tool for HF patients in the general population and with other comorbidities needs to be added to HF optimal management approaches. Disclaimers NIHR: The study sponsors had no role in study design; in the collection, analysis, and interpretation of data; in the writing of the report; and in the decision to submit the paper for publication. The views and opinions expressed therein are those of the authors and do not necessarily reflect those of the NIHR (UK).
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